Siltation is considering as a huge risk to the life and security of dams. Forced to preserve their useful volumes, managers use sediment dredging operations through different techniques. The aim of our work is to investigate the wastewater sludge derived from wastewater treatment as a new natural lubricating instrument during transport of sediment in the pipes and to reduce head losses. From an economic and environmental point of view, this technique is more effective than the use of industrial polymers. The rheological study is done using an RS600 rheometer. Head losses and friction reducing are measured on three horizontal pipes (30, 50 and 80 mm). The mud from the dam and sludge are added at different volumes concentrations. The results revealed that the mud follows the Herschel-Bulkley model at 10-20% volume concentration, even after adding wastewater sludge proportions from 0.1-0.4%. The mud flow head losses in pipes increase with increasing solids concentration. A maximum reduction in yield stress and frictional head loss are observed at 0.25 to 0.35% of sludge concentration, which can be the most effective choice.
INTRODUCTION
Hydraulic transport has been an effective transportation mode for a variety of solid materials in the form of slurries using pipes in many industrial applications, such as in mining, coal to thermal power plants, and dredging, etc. The major problems in this operation are usually the pressure drop, which was verified experimentally by Chien & Wan (), Heywood & Alderman () and Matoušek () . Various methods are used to reduce friction in order to save pumping power (Patterson et al. ; Heywood ) .
During the dams' dredging and transporting sediments in pipes downstream of the wall, it is recommended to add polymer substances in order to reduce friction between particles/particles, and particles/pipe wall (Proeh et al. ; Golda ) . Low values of viscosity and shear stress demand less pumping power. These flow properties are generally expressed by the mud's rheological characteristics. Thus, it is important to know the rheological behaviour at various solids concentrations for the design of a pipeline system.
The friction reduction is a flow phenomenon, caused by the presence of very small amounts of additives (polymers or surfactants) in any fluid (Toms ). Some additives lead to a reduction of up to 40% compared to the pure solvent (Zakin et al. ; Warholic et al. ; Graham ) . This phenomenon has been the subject of extensive reviews by (Mowla & Naderi ; Al-Sarkhi ; Edomwonyi-Otu et al. ) and many others whose aim was either reducing the cost of the liquid flow in the pipeline or increasing the flow efficiency/flow rate without the necessity of increasing the power demand.
It is known that polymers are divided into two categories: synthetic polymers and natural polymers. Synthetic polymers are considered as industrial products (derived from petroleum oil), while natural polymers can be extracted from resources in nature.
Although synthetic polymers possess good mechanical properties when used as flow improvers in pipelines, these materials biodegrade very slowly, which is an environmental concern.
Moreover, for similar molecular weights, synthetic polymers are more expensive than natural polymers. On the other hand, natural polymers such as Xanthan gum (Sohn et al. ) , guar gum (Singh et al. ) and polymers extracted from the Aloe vera plant (Abdul Bari et al. ) are eco-friendly products, biodegradable and easily obtained. Indeed, these materials are produced in the form of polysaccharides by microorganisms and plants.
Hence, in the present study, the rheological behaviour of the mud taken from the Bouhanifia dams, and its flow in horizontal pipes, has been assessed. We propose using a small concentration of sewage sludge from wastewater treatment for friction reduction; this product has potential for a lubricating effect on the adjacent solid particles and to cause drag reduction, because it contains a high amount of natural polymers (Andreadakis ; Baudez ), volatile matter (organic), and very fine solid particles (Golda ) .
This method proved its efficiency in reducing pumping power and optimises sediment transport cost in dredging operations. Figure 1 shows the experimental facility of the present study. The installation, which is a closed circuit, comprises three loops of different diameters (7) D ¼ 30 mm, (8) D ¼ 50 mm and (9) D ¼ 80 mm, with lengths equal to 5 m for each. The mud was prepared in a mixing tank (1) and pumped into the test loop by a centrifugal pump (2). Valves (4, 5 and 6) allow the flow to be directed through the pipe selected. Pressure loss measurements are made using U tube manometers (14) connected to the inlet and outlet of each test pipe by a pressure tapping (10, 11 and 12). The mixture discharges into a volumetric upper tank (13) where volume flow rate measurement is undertaken. When the measurement is completed, the tank is emptied by opening a valve situated at its base. The flow is then directed into the open part of the tank using the lever.
EXPERIMENTAL EQUIPMENT AND MATERIALS
The rheological measurements were performed using a torque controlled rheometer (RS600 from Thermo-Fischer), equipped with concentric cylinder geometry (gap: 80 μm). The flow curves were obtained by applying an increasing shear rate ramp from 0.05 to 500 s À1 for 300 s at a temperature of 23 W C.
The mud used in this study was collected from the discharge dredging area of the Bouhanifia dams (located in the west of Algeria). The dredging operations are still going, with over 6 million m 3 of dredged mud. This dredging is carried out with floating suction dredge extruders. Sediments are sucked into the dredge and discharged through a pipeline.
The physical properties of the sediment have been determined and presented in Table 1 . The specific gravity s was measured by the standard Pycnometer method. The average specific gravity of the mud is 2,670 kg/m 3 . The measured initial water content ω (%) is about 75.2%. The liquid limit W l and the plastic limit W p are the Atterberg limits. The liquid limit (W l ) of the sediments, which represents the limit between the liquid state and the plastic state, measured using Casagrande apparatus, is about 16%. The plastic limit (W p ), represents the limit between the plastic state and the solid state. Plastic limit test is measured using the rolled thread method, and is about 14%.
The grain size distribution for the sample, in semi-log form, is presented in Figure 2 (a), which confirmed that the sediments are composed mainly (48%) of fine sand, the silt proportion is about 25%, and the clay fraction is about 16%.
The wastewater sludge used in this study was recovered from the sludge drying beds of the wastewater treatment plant of Oran (west of Algeria) as a powder. This sludge is composed of polymers, organic colloid, minerals, and fibers (Baudez ). The grain size distribution of dry sludge (Figure 2(b) ) is composed of 48% silt, 37% fine sand and 18% clay.
RESULTS AND DISCUSSION
The rheological properties of mud at a solid volumetric concentration (Cv) of 10%, 12.5% 15%, 17.5%, and 20% are shown in Figures 3 and 4 . The specific gravity ρ s 2,670 (kg=m 3 )
The measured initial water content ω 75.2 (%)
The liquid limit W l 16.4 (%)
The plastic limit W p 14 (%)
Fine sand (diameter of particle greater than 0.02 mm)
(%)
Silt (diameter of particle between 2 μm and 0.02 mm)
Clay (diameter of particle less than 2 μm) 16 (%) Figures 3 and 4 show that the values of the yield stress are non-zero for all sets of data. This means that the entire sample data show a non-Newtonian behaviour, and it can be represented by the Herschel-Bulkley model. This behaviour can be expressed mathematically by the following equation
where τ is the shear stress, τ 0 is the yield stress, k is the consistency index, n is the flow behaviour index, and _ γ is the shear rate.
The flow properties of the solid-liquid mixtures increase with increasing physical interaction between the solid particles during their movement. According to Cheng (Cheng ) , this phenomenon could be due to either hydrodynamic interactions or particle-particle contact. At low to medium solids concentrations, the effect of hydrodynamic interactions dominates and gives rise to the viscous dissipation of the liquid. At high solids concentrations, the particleparticle contact effect predominates over the hydrodynamic effect and brings into play frictional interactions. Figures 5-7 show generated in the samples shear stress values for the adopted shear rate. The results demonstrate the properties of mud with 15%, 17.5% and 20% of volume concentration after adding several wastewater sludge doses with the following proportion: 0.1%, 0.2%, 0.25%, 0.3%, 0.35% and 0.4%, related to the dry matter contained in the mud. For each mud concentration a curve without sludge dose is added for comparison. The mud mixture flow behaviour is determined by the effect of the attractive and repulsive forces between solid particles. By adding sludge into the mud, the repulsive forces between particles prevail, and viscosity, and yield stress will decrease (Vlasak et al. ) .
The rheological parameters decrease quickly with increasing concentration of sludge, but after exceeding the optimal value of agent concentration, the rheological parameters increase again.
The optimal flow regime (with a minimum shear stress) is reached for a sludge concentration varying from 0.2 to 0.25%, depending on the mud concentration.
The influence of the sludge concentration on the yield stress is shown in Figure 8 . For the original value of the yield stress of the mud with volumetric concentration Cv ¼ 15%, 17.5% and 20% could be reduced by 50%, 49% and 35% for a sludge concentration equal to 0.25%, respectively.
Such a dramatic reduction in the yield stress has substantial importance in liquefying dense slurry. The pipe loop investigation results confirm the one obtained by rheometrical measurement of the dam slurry, the untreated slurries of Cv ¼ 20% were measured in the experimental rig to prove the effect of sludge on the dam's mud during pipe flow.
Different concentrations of wastewater sludge are added to the mud (Cv ¼ 20%). According to the results shown in Figures 9-11 , with pipe diameters equal to 30, 50, 80 mm respectively, the drag reduction (Dr) increases with increasing flow velocity. We observe also that each graph represents two zones. The first zone, with small values of the mean velocity, presents a reduction of pressure drop that evolves slowly; in the second zone, this pressure drop increases. The results obtained are confirmed by (Virk & Baher ; Larson ) . In effect, the efficiency of polymers depends on the shearing force applied to their macromolecular.
Comparing the results obtained in the three pipes, it shows clearly that the percentage drag reduction (%Dr) is higher for the larger pipe; a slight increase in the pressure loss for 30 mm diameter is observed. Whereas the drag reduction is definitely higher in the pipe with a diameter of 50 mm and more in the 80 mm pipe, this increase is mainly attributed to the degradation of the macromolecular chains of the polymers included in the sludge, it's also noted that the additive will lose its effect when the transportation distance increases due to the continued effect of the high shear forces of the turbulence, while the opposite effect will appear for the large pipe diameter, because the eddies' shear force is lower due to the large space inside the pipe.
The influence of wastewater sludge concentration on drag reduction for different flow velocities and different pipe diameters are shown in Figures 12-14 . The drag reduction increases with increasing sludge concentration; however, at some point it reaches a maximum with further increases in sludge concentration, leading to less drag reduction.
The drag reduction can achieve its high peak at 27-37% depending on the flow rate, for 0.25 to 0.35% concentrations, with pipe diameters of 30, 50 and 80 mm. The percentage of drag reduction reached by the sludge agent (% DRA) reaches its highest, 37%, when using 0.35% of sludge in the pipe with a diameter of 80 mm, but after certain flow velocities, the large drag reduction advantage is lost. These results agree well with the results published by Virk & Baher ; and Japper-Jaafar et al. . 
CONCLUSION
The aim of this investigation is to evaluate dams' mud flow behaviour properties with a new natural and biodegradable additive, which is wastewater sludge, in a proportion ranging from 0.1 to 0.4% by volume. The physical properties of the mud, such as the grain size distribution, specific gravity and Atterberg limits, have also been studied. A computerized rotational Rheometer was used to determine the rheological behaviour of the slurries, and head losses were measured for both considered mud samples using three horizontal conduits of different diameters.
The study revealed that the mud showed Herschel-Bulkley behaviour at all studied solids concentrations and proportions of sludge addition. The values of shear stress, yield stress, and the pressure drop increase with the solids concentration increment; however, when adding sludge to the mud flow, a value reduction in three parameters mentioned earlier was observed. Hence, the effective range of sludge proportions was found to be from 0.25 to 0.35% by volume. The drag reduction depends not only on the sludge concentration but also on flow velocity and pipe diameters.
The present investigation confirms the possibility of a substantial reduction in the mud flow parameters due to the modification of their behaviour. The addition of the sludge agent enables a much higher operational solids concentration and/or very profitable energy consumption to be reached for the hydraulic transport of slurries. 
